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ABSTRACT
A three-dimensional, multifluid simulation of a giant planet’s magnetospheric interaction with
steady-state stellar wind from a Sun-like star was performed for four different orbital semi-major
axes - 10, 5, 1 and 0.2 AU. We simulate the effect of the increasing, steady-state stellar wind pres-
sure related to the planetary orbital semi-major axis on the global magnetospheric dynamics for a
Saturn-like planet, including an Enceladus-like plasma torus. Mass loss processes are shown to vary
with orbital distance, with the centrifugal interchange instability displayed only in the 10 AU and 5
AU cases which reach a state of mass loss equilibrium more slowly than the 1 AU or 0.2 AU cases.
The compression of the magnetosphere in the 1 AU and 0.2 AU cases contributes to the quenching of
the interchange process by increasing the ratio of total plasma thermal energy to corotational energy.
The strength of field-aligned currents (FAC), associated with auroral radio emissions, are shown to
increase in magnitude and latitudinal coverage with a corresponding shift equatorward from increased
dynamic ram pressure experienced in the hotter orbits. Similar to observed hot Jovian planets, the
warm exo-Saturn simulated in the current work shows enhanced ion density in the magnetosheath
and magnetopause regions, as well as the plasma torus which could contribute to altered transit sig-
nals, suggesting that for planets in warmer (>0.1 AU) orbits, planetary magnetic field strengths and
possibly exomoons - via the plasma torus - could be observable with future missions.
Subject headings: planets and satellites: magnetic fields, methods: numerical, plasmas, planets and
satellites: detection, instabilities
1. INTRODUCTION
Planetary science has undergone a recent renaissance,
from both in-situ observations of solar system missions,
and the inundation of exoplanetary discoveries by re-
cent observational efforts. Our understanding of plan-
etary formation, evolution and general physical charac-
teristics has until recently been based solely upon those
bodies found in our local system; exoplanetary observa-
tions have informed us that our system is one in a field
of near-infinite variation. Given this fact, we must work
to abstractly quantify a framework for the systems to
progress in planetary science. Approximately two-thirds
of confirmed exoplanets are giant planets (≥ 0.01 MJup)
that orbit their host stars at relatively small distances
(a ≤ 0.5 AU) (Han et al. 2014). This fact serves to
both challenge our notions of planetary formation and
evolution, and to provide opportunities to develop new
approaches to study planetary configurations to interpret
and support the observational data.
A key question addressed in recent works about plan-
etary evolution is the rate at which mass is lost from the
atmosphere. The study of aeronomy for giant exoplan-
ets has indicated that thermal and non-thermal processes
both contribute strongly to mass loss for these giant bod-
ies (e.g. Yelle et al. 2008). The overall system of exo-
planetary mass transport involves escaping atmospheric
species from the upper planetary atmosphere and active
satellites outward throughout the surrounding magnetic
environment. A large amount of material escaping from
the atmosphere of a planet is likely to become ionized
and contribute to dynamics in the planetary magneto-
sphere. The inclusion of this magnetic environment is
a step towards a comprehensive view of planetary sys-
tems; the magnetic environment not only contributes to
mass transport, but to the potential generation of de-
tectable radio signals that can be used for detection and
characterization (e.g. Zarka 2007), as well as potential al-
terations of transit light curves which would allow some
insight into planetary characteristics (e.g. Vidotto et al.
2011; Llama et al. 2013; Ben-Jaffel & Ballester 2014;
Nichols et al. 2015; Alexander et al. 2016).
Recently, the question of exomoon habitability has be-
come quite important, as the detection of these bodies
in the habitable zone of the stellar hosts is now possible
(Heller & Barnes 2013). The environment through which
potentially habitable exomoons orbit can be a highly dy-
namic magnetized plasma system that picks up ionized
species, as well as injecting energized species into the
upper atmosphere of the satellites, affecting the atmo-
spheric chemistry and mass loss rates from these smaller
bodies (e.g. Johnson et al. 2010). Alternatively, the im-
pact of energized charged particles on the surface of an
icy moon can drive the formation of organic molecules,
creating the building blocks necessary for the formation
of life (e.g. Chyba 2000; Hand et al. 2007). The balance
between such processes will inform a habitable satellite
versus an uninhabitable one, and therefore the inclusion
of the magnetic star-planet-moon interaction is key to
developing an accurate model for predicting the atmo-
spheric state of an observed exomoon.
A magnetized stellar wind can couple directly with
planetary magnetospheres through reconnection at the
magnetopause and down the magnetotail (Dungey 1961)
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and provides external forcing through viscous interac-
tion (Axford & Hines 1961). The Dungey reconnection
framework is known to be a significant driver of magne-
tospheric interaction with the solar wind, as reconnec-
tion dominates production of plasma flows. Corotation
and viscous flows are thought to be as important for
rapidly rotating magnetospheres with significant inter-
nal plasma sources, like Jupiter and Saturn, though it is
still not clear to what extent relative to the Dungey-type
magnetospheric picture (e.g. Brice & Ioannidis 1970; De-
lamere & Bagenal 2010). Determining the response of
planetary magnetospheres to various stellar wind condi-
tions is a primary task in comparative planetary science.
Key to this task is understanding the relative contribu-
tion to the global dynamics of magnetospheric systems of
both external processes, e.g. stellar wind characteristics,
and internal processes, e.g. rapid corotation of heavy-ion
plasma transmitted by the corotating planetary magnetic
field. The imperative of understanding this balance is es-
pecially true for those planets which are subject to both
significant external and strong internal processes, such
as Saturn. The balance between these internal and ex-
ternal drivers contribute to the processes of mass loss, as
well as the energization of particles throughout the mag-
netosphere, setting up vastly different potential orbital
environments for satellites.
At ∼10 AU, the magnetosphere of Saturn experiences
∼0.01× the stellar wind dynamic ram pressure as the
terrestrial magnetosphere due to decreased steady-state
solar wind density, but the magnetospheric cross-section
of Saturn is ∼400× larger. This leads to a scaling for the
incident power by the solar wind on the magnetosphere
of Saturn that is ∼4× that of Earth under similar condi-
tions (e.g. Zarka 1998). At Earth, however, the magne-
tosphere is almost entirely externally driven by the solar
wind due to a slower rotation combined with the lack of
significant internal ion sources.
Given only the amount of forcing by the solar wind on
Saturn and the scaling mentioned above, one could sim-
ply assume that Saturn’s magnetospheric dynamics in re-
sponse to the solar wind are much like Earth’s. While the
mass of Saturn is two orders of magnitude greater than
Earth, the effects of gravity in Saturn’s magnetosphere
are similar to that of Earth’s for similar scales; at one
bar of atmospheric pressure at Saturn, the gravitational
acceleration is just 6.5% greater than that at Earth’s sur-
face. Saturn’s magnetosphere, however, has two primary
characteristics that differentiate it from Earth’s: a rapid
corotation with the planet itself, a factor of ∼2.2 greater
than Earth, and a constant source of water group heavy-
ions, e.g. OH+ and O+2 , formed from H2O that is con-
tinuously injected at ∼4RS by Enceladus; these neutrals
subsequently undergo ionization and pick-up to corotate
with Saturn’s magnetosphere (Tokar et al. 2008). At
just a few percent concentration, these heavy ions can
strongly affect the dynamics of the inner magnetosphere
by carrying the bulk of the kinetic energy of corotation,
and dominating the pressure over H+ (e.g. Thomsen et al.
2010). The injection of these heavy-ions provides a con-
stant source of mass input to the magnetosphere of Sat-
urn, the loss of which is drained through global, magneto-
spheric processes that are not currently well-understood.
An open question that is relevant to the Saturn-like sys-
tem discussed in this paper concerns how injected heavy
ion plasma transports out of the magnetosphere with var-
ied stellar wind external forcing.
Though internal heavy-ion effects at Saturn are key to
understanding global magnetospheric behavior, the solar
wind dynamic ram pressure also controls large scale dy-
namics, and directly influences the radio power radiated
by giant planetary magnetospheres, like Saturn’s Kilo-
metric Radiation (SKR). Radio emissions can be con-
trolled by the variations in the solar wind (Desch 1982;
Desch & Rucker 1983), which drives related large scale
dynamics throughout both the dayside and nightside
magnetosphere, and Dungey-like reconnection events in
magnetotail or cusp regions (e.g. Bunce et al. 2005; Cow-
ley et al. 2005; Mitchel et al. 2005). This radio emis-
sion behavior has been observed throughout the solar
system for all planets with a global magnetic field (De-
sch & Kaiser 1984). However, there are at least two
sources of power for radio emissions observed in the so-
lar system - solar wind and rotation - the aforementioned
simple scaling estimates extrapolated from observations
throughout the solar system indicate that certain exo-
planets may emit detectable radio emissions driven by
stellar wind-magnetosphere interaction.
Several authors have used global simulations to inves-
tigate the direct magnetic star-planet interaction (SPI)
for closely orbiting hot Jovian planets which, until the
Kepler mission, was the most commonly observed con-
figuration due to selection bias of the detection meth-
ods involved (e.g. radial velocity method). For example,
Preusse et al. (2007) used ideal MHD simulations to in-
vestigate the star-planet interactions of giant planets for
varying orbital distances of 0.01-0.2 AU around a Sun-
like star. The majority of the cases studied took place
within the Alfve´n and sonic critical radii of the star which
allows direct feedback of planetary plasma onto the star.
However, the simulated case in the super-Alfve´nic region
at 0.2 AU showed a planetary magnetosphere very much
like the compressed dayside dipole and stretched mag-
netotail structure exhibited by the solar system planets
with significant global magnetic fields. Ideal MHD was
also used to investigate SPI for an observed, transiting
exoplanet, HD 189733b (Cohen et al. 2011a); the models
predicted reconnection events that induce a significant
planetary magnetospheric mass loss on the order of 10−12
MJupiter yr
−1, and that the energy dissipated by SPI
could explain modulations in the Ca II lines previously
observed for the host star (e.g. Shkolnik et al. 2008). The
same model was then used to investigate the effects of a
coronal mass ejection (CME) on a hypothetical hot gas
giant, ∼1.5RJup, which yielded magnetospheric predic-
tions involving significant changes to planetary magne-
tospheric response. Field-aligned current systems were
altered from the two lobe model, common to Earth and
the giant planets under nominal conditions in our solar
system, to resemble Alfve´n-wave driven wings around
the planet, similar to those formed at Io and Europa,
which has implications on the processes of energy distri-
bution from the CME into the magnetosphere (Cohen et
al. 2011b). Llama et al. (2013) used a 3D MHD stellar
wind model and an analytical planetary bow shock model
to investigate the potential for a dense planetary bow
shock region to contribute to transit observations for HD
189733 b, and found that indeed for a star with similar
composition to the Sun, such absorption of the emitted
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stellar Mg II is possible given the authors’ assumption
of low temperature magnetosheath plasma. Ben-Jaffel
& Ballester (2014) used a particle-in-cell (PIC) code to
investigate the effects of a potential satellite produced
plasma torus on transit curves for WASP-12 b and HD
189733 to explain the early ingress identified in obser-
vations (Fossati et al. 2009; Haswell et al. 2010; Nichols
et al. 2015; Alexander et al. 2016). These findings open
an exciting new vista on planetary science. The find-
ings suggest that it is possible to extract exoplanetary
characteristics from transit light curves, with appropri-
ate modeling and data analysis. In combination with ra-
dio emissions, we could eventually piece together a more
complete understanding of the exoplanets that have been
confirmed as instrumentation and modeling intersect and
improve.
With the exception of Ben-Jaffel & Ballester (2014),
the efforts mentioned above were carried out using single
fluid, 3D ideal MHD models, and developed an initial
global analysis of stellar wind influence on the planetary
magnetosphere of hot gas giants. These simulations dif-
fer from the ones used in the present work in their use
of ideal MHD simulations and focus on Jovian planets
in very hot orbits (∼0.02 AU). Ideal MHD simulations,
however, fail to capture some important physics driven
by the mass differences between heavy and light ions but
are captured by the multifluid model (e.g. Winglee et
al. 2009). This paper presents the results for 3D multi-
fluid simulations of Saturn-like planets, which are rela-
tively smaller and magnetically weaker than the hot Jo-
vians mentioned above. The investigation includes the
Saturn-like planet at various semi-major axes, the closest
of which is ∼0.2 AU, which is approximately one order of
magnitude farther from the host star than the previously
mentioned simulations. A Saturn-like planet was chosen
as baseline instead of a Jupiter-like for three main rea-
sons. First, the recent wealth of Cassini data provides
a more comprehensive baseline for the validation case at
10 AU so that the starting point is data-driven. Second,
the weaker planetary magnetic field allows for a less com-
putationally intensive load for the 3D simulation - the
Alfve´n speed calculated at the inner boundary often sets
the timestep of the simulation. Lastly, a smaller injec-
tion rates produce a more stable satellite plasma torus
with less mass lost to the inner boundary due to pressure
gradients.
The work herein is a next step for the study of stellar-
extrasolar gas giant magnetospheric interactions, inves-
tigating potential plasma populations including iono-
spheric outflows of heavy-ions or injection by natural
satellites. The heavy ions can dominate the corotational
kinetic energy of the magnetosphere at a rate of only a
few percent of the total plasma population. High heavy-
ion injection rates also have an influence on magneto-
spheric pressure balance with the stellar wind by increas-
ing the internal plasma pressure of the magnetosphere
(e.g. Pilkington, et al. 2015). Building on the previ-
ous works, the efforts in this paper will contribute to
a ground truth for warm gas giant magnetospheric re-
sponse to stellar wind. We use our simulations with this
regard.
The 3D global multi-fluid, multi-scale model, is out-
lined in Section 2, along with our boundary and initial
conditions. Section 3 contains the discussion and results
of our simulations. A summary of our findings and con-
clusion is offered in Section 4.
2. MODEL DETAILS
2.1. 3D Multifluid Equations
The 3D multifluid model separately tracks multiple,
individual ion species, denoted below by subscript α in
Eqs. (1) - (3), the conservative forms for mass, momen-
tum and pressure (thermal energy density). The three
fluid ion species have fixed mass-to-charge ratio of 1, 18,
and 32 amu C−1 as the multifluid code cannot differen-
tiate the physics of multiply-ionized species from singly-
ionized species with identical m/q ratios. The assump-
tion is that the total population is dominated by singly
ionized species, which is reasonable for ions present at
distances in a warm orbit near the sun (e.g. Zurbuchen
et al. 2008).
∂ρα
∂t
+∇ · (ραvα) = 0 (1)
ρα
dvα
dt
= qαnα(E+ vα ×B)−∇Pα −
(
GMP
R2
)
ραrˆ
(2)
∂Pα
∂t
= −γ∇ · (Pαvα) + (γ − 1)vα · ∇Pα (3)
where ρα is the mass density, vα is the bulk velocity, nα
the number density and qα the charge. G is the gravita-
tional constant, MP and R are the planetary mass and
radial distance from the planet (Saturn, for the present
work), E is the electric field, and B is the magnetic field.
Pα is the pressure associated with each ion species, α,
and γ is the adiabatic index (5/3).
Electrons in the model are treated as a charge-
neutralizing, mass-conserved fluid, and assumed to be
in steady-state or drift motion (i.e. dve/dt = 0), which
simplifies Eq. 2 for electrons to
E+ ve ×B+ ∇Pe
ene
= 0. (4)
Given quasi-neutrality, and the definitions for current
density, J, and Ampe´re’s Law, the pressure completes
the description of electron dynamics:
ne =
∑
i
ni, ve =
∑
i
ni
ne
vi − J
ene
, J =
1
µ0
∇×B
(5)
∂Pe
∂t
= −γ∇ · (Pevde) + (γ − 1)ve · ∇Pe (6)
where e is the magnitude of electron charge, ne is the
electron number density, and Pe is the pressure of the
electron fluid. One can then substitute the Eqs. 5 into
Eq. 4 to obtain the modified Ohm’s law,
E = −
∑
i
ni
ne
vi×B+ J×B
ene
− 1
ene
∇Pe + ηJ, (7)
where η is the resistivity, which is added only in the iono-
sphere to allow finite conductivity. Everywhere else, η is
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zero so there is no anomalous resistivity in the model.
The strength gained by modeling the electron and ion-
species separately is that the model retains Hall and pres-
sure gradient terms in the modified Ohm’s Law, Eq. 7,
which are sufficient to drive reconnection. One can sub-
stitute Eq. 7 into Eq. 2 to obtain the ion momentum,
ρα
dvα
dt
= qαnα
(
vα −
∑
i
ni
ne
vi
)
×B+ qαnα
ene
(J×B−∇Pe)
−∇Pα + qαnαηJ−
(
GMP
R2
)
ραrˆ. (8)
If one assumes a single ion species (single-fluid MHD)
or a single velocity for all species (single-fluid, multi-
species MHD), then Eq. 7 reduces to a form inherent
to ideal MHD, and the first term of Eq. 8 disappears. It
is this contribution from tracking multiple species with
independent velocities that allows the multifluid model
the capture ion cyclotron effects. The equations for the
multifluid model were solved using a second order Runge-
Kutta method on a nested grid.
2.2. Simulation Grid
For each simulation in the present work, the following
grid parameters were kept static across all planetary sim-
ulations. The simulation’s Cartesian coordinate system
is such that x is in the direction of a planet-star line in
the equatorial plane of the planet, positive pointing away
from the star. The z axis is aligned with the planetary
rotation axis positive towards the northern magnetic pole
as the magnetic configuration of the planet is axisymmet-
ric. The y direction completes a right-handed coordinate
system, and points in the direction of the tangent to
planetary orbital motion.
Five cubic, nested grids were used for each case in the
study, with the innermost grid centered on the planet
with an inner boundary at 2.0 RP . This inner grid is
±12RP in the x- and y−directions, and ±6RP in the z-
direction, with a resolution of 0.2RP in all dimensions.
Each higher-order grid increases by a factor of 2, and so
the outermost grid is a factor of 16 larger, but not nec-
essarily centered on the planet. The outermost grid ex-
tends from -128RP sunward to 256RP down the magne-
totail in the x-direction, ±192RP in the y-direction, and
±96RP in the z-direction. This scaling allows the multi-
fluid model to capture dynamics across multiple scales,
from a fraction of a planetary radius, up to massive struc-
ture formation down the magnetotail.
2.3. Initial Conditions
The 3D multifluid code tracks three distinct, separate
ion species and a separate electron fluid. H+ is present
in the solar wind, and is also present in the Saturn-
like planet’s ionosphere and plasma torus. Two heavier
species are tracked: a 18 amu ion fluid, representing po-
tential medium mass species such as O+, or H2O
+, and
a heavier fluid at 32 amu, representing more massive ions
such as O+2 . The planetary body for each baseline simu-
lation case is assumed to be identical to that of Saturn,
in terms of radius, mass, obliquity, rotation, magnetic
field, and ionosphere so that comparisons are solely re-
liant upon the changing dynamic ram pressure (except
Table 1
Stellar wind conditions and magnetopause
parameters
10 AU 5 AU 1 AU 0.2 AU/D/S
n+H (cm
−3) 0.065 0.26 6.5 162.5
T+H (eV) 1.2 2.5 4.7 39.0
Pdyn (nPa) 0.022 0.088 2.2 55.0
IMF |B| (nT) 0.51 1.0 5.1 27.2
IMF |Bz | (nT) -0.13 -0.26 -1.3 -6.4
IMF φ (deg) 84.3 80.5 45.0 14.0
RMP (RP ) 20.9 16.0 10.1 5.9/6.6/3.1
Note. — Stellar wind conditions and the resulting
magnetopause standoff distance for each of the 4 cases
discussed. The stellar wind parameters for the two
additional cases at 0.2 AU (D - dense, S - slow) are
the same as the 0.2 AU base case; only planetary
parameters were altered, which led to differing values
for the substellar magnetopause distance. ∼
for two cases at 0.2 AU discussed below). Saturn was
chosen to set a strong, ground truth baseline from the
wealth of Cassini observations available (e.g. Dougherty,
Esposito, & Krimigis 2009).
A Sun-like, G-type star, is assumed to generate the
stellar wind for each case in this study. The stellar wind,
consisting of a quasi-neutral plasma comprised of H+ and
electrons, is blown into the grid system from the nega-
tive x-direction, at a speed of 450 km/s in the direction of
the positive x-axis, with the IMF direction calculated ac-
cording to a Parker spiral. The planetary rotational axis
is aligned to simulate an equinox seasonal configuration.
Each case represents the simulation at a different orbital
semi-major axis around the star: 10 AU, 5 AU, 1 AU, and
0.2 AU; the latter distance at 0.2 AU includes a base case,
with only the effects of stellar wind pressure from the
hotter orbit taken into account, and two additional stud-
ies. The additional studies include the baseline dynamic
ram pressure from the stellar wind at 0.2 AU, with the
addition of one case with a decreased planetary rotation
rate, to investigate potential gravitational tidal effects,
and one case with higher ionospheric and satellite torus
plasma density to account for increased photoionization
(see Section 2.5). The radial temperature dependence of
the incident stellar wind is provided by the synthesis of
Voyager 2 data and temperature-velocity relations, after
Richardson & Smith (2003). Density of the stellar wind
was assumed to follow a R−2 isotropic expansion scaling
relation, following Voyager 2 observations (e.g. Belcher
et al. 1993). The interplanetary magnetic field (IMF)
carried by the stellar wind plasma follows the assump-
tion of a Parker spiral, i.e. Br ∝ R−2 and Bφ ∝ R−1 -
see Table 1 for details. To isolate the effect of dynamic
forcing from the steady state stellar wind’s pressure on
the planetary magnetosphere, the orientation of the z-
component of the IMF is held consistently in a negative
orientation, or parallel to the equatorial dipole field of
the Saturn-like planet. Future work is planned to address
the effects of an open-type magnetospheric interaction -
including Dungey-type reconnection. For each case men-
tioned above, Table 1 contains the relevant steady-state
conditions.
2.4. Plasma Torus
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An Enceladus-like plasma torus was included in the
model, and maintained for each semi-major axis at which
the simulations were run. The plasma torus was injected
equally across azimuth with Gaussian cross-section, with
a mean at 4 RP , σ=0.5 RP , which gives a volume
of ∼ 2pi24R3P . Ionization rates for the plasma torus
were calculated for Saturn, given the expected rates for
charge exchange, electron impact ionization, ionization-
dissociation reactions, electron recombinations reactions,
dissociative electronic recombination reactions and pho-
tolytic reactions as given by Fleshman et al. (2010);
these calculations are in line with Cassini observations
for the H2O-group species ratios reported in Wilson et
al. (2015). Three species were injected into the torus :
H2O-group ions (H2O
+, O+, OH+, and H3O
+), H+, and
O+2 . The 18 amu H2O-group ions are injected at a rate
of ∼1.2×1028 ions/s, which correlates to the upper lim-
its of Cassini and Hubble observations for the Enceladus
plasma torus and neutral cloud source. The H+ and O+2
ions are injected at a rate relative to the H2O
+ rates
of ∼7.3% and ∼0.19%, respectively for a total of ∼360
kg/s plasma injected. While these are the prominent
ion species in the magnetosphere of Saturn, we assume
that for the exo-Saturns, the discussion centers around
elements/molecules with mass to charge ratios near 1,
18 and 32 amu C−1. The model’s simulated dynami-
cal variation between heavy ion fluids that differ by a
few percent (e.g., 16 vs. 18 amu C−1) is small, and so
these simulations can be taken to represent the behavior
of general ionized species with mass to charge ratios of
± ∼15%.
Heavier(lighter) ion species mass would contribute to
higher(lower) pickup ion energies, and larger(smaller-)-
radius bulk cyclotron motion for the injected ions in the
model, and contribute more strongly(weakly) to the coro-
tational energy of the system. When comparing the in-
jected torus between the 3 masses in the present simula-
tion, the 1 amu injected plasma is more tightly bound to
the radial region at 4 RP when compared to the 18 and
32 amu ions. Corotationally-driven transport is largely
influenced by the ion fluid with the greatest corotational
energy - at a Saturn-like planet, the 18 amu ion group. It
would be interesting to explore the inner magnetospheric
configuration and mass transport reliance on both the
mass of injected species and relative concentrations of
those ions. Such an investigation is best performed in
a future effort, as the present work is focused on the
response of a Saturn-like configuration to steady-state
stellar wind changes.
2.5. Considerations at 0.2 AU
Three additional factors were taken into account when
considering the planetary configuration at 0.2 AU: 1)
tidal dissipation leading to planetary rotational changes
affecting the generation of the planetary magnetic field,
2) increased radiation due to stellar proximity, and 3)
orbital stability of the internal source of heavy-ions, or
exo-Enceladus.
Tidal dissipation in the planet for the 0.2 AU case was
considered by using a solution to determine the locking
timescale, τ , using the constant phase-lag method de-
scribed in Appendix E of Barnes et al. (2013). τ was cal-
culated over a range tidal dissipation factors, Q = 1×105-
1 × 106 where k2, the Love number was set to 0.3, and
initial eccentricity set to 0.3. For the lower value of
Q = 1 × 105, the planet reached a 3:2 spin-orbit reso-
nance, like Mercury in the solar system, after ∼2.08 Gyr,
but never synchronously locked; for the upper bound of
Q = 1 × 106, the planet had only doubled its spin pe-
riod (from ∼10.7 h to ∼20.4 h) after 10 Gyr. In light
of these results, a case at 0.2 AU was run for the sce-
nario with a rotational period of ∼522.78 h, which cor-
responds to a 3:2 spin-orbit resonance mentioned above.
Following the scaling for a planetary magnetic field from
Sa´nchez-Lavega (2004), B ∝ √ω, this weakens the plan-
etary magnetic field by a factor of ∼7 to ∼3×10−6T at
the equator; this case is referred to as the 0.2AU slow
case.
The effect of increased stellar electromagnetic flux was
considered, but for the base case at 0.2 AU, both iono-
spheric density at the inner boundary of 2 RP as well
as the rate of ionization in the plasma torus at 4 RP
were kept constant to isolate the effect of increased stel-
lar wind dynamic ram pressure on magnetospheric dy-
namics. However, a separate case at 0.2 AU included
an inner boundary and satellite torus density increased
by a factor of ∼530, which is an increase proportional
to the ratio of photoionization and photolysis to over-
all ionization for the relevant ionic species, assuming a
simple isotropic R−2 dependence on the stellar flux; this
case is referred to as the 0.2AU dense case. Similarly,
the conductance of the ionosphere has been increased for
the latter case by the same amount, so that the ratio of
conductance to mass input is maintained.
Lastly, there was some concern about the dynami-
cal stability of an exomoon heavy-ion source over long
timescales for a giant planet at 0.2 AU. Following Barnes
& O’Brien (2002), one can calculate the maximum pos-
sible extant satellite mass as
Mm ≤ 2
13
[
(fa3p)
3M∗
]13/6
M
8/3
p Qp
3k2pTR5p
√
G
, (9)
where f is a constant fraction of the satellite’s Hill ra-
dius, ap is the planetary semi-major axis, M∗ is stellar
mass, Mp is the planetary mass, Qp and k2p is the tidal
dissipation parameter discussed above, T is the age of the
system, Rp is the planetary radius, and G is the gravi-
tational constant. Using Saturn’s planetary parameters
at 0.2 AU around a solar analog, the tidal quantities dis-
cussed above, and calculating at the age of the current
solar system, the upper bound satellite mass calculated
is Mm ≤2.01×1023 kg, or 1.86×103 Enceladus’ mass and
∼2.25 Io’s mass. Given this result, the present study is
performed under the assumption that the presence of a
heavy-ion source produced by an Enceladus-like satellite
in the inner magnetosphere is present and stable for a
giant planet in this warm orbit.
3. DISCUSSION AND RESULTS
The model explores the effects of viscous (IMF Bz con-
sistently parallel to the equatorial planetary magnetic
field), steady-state stellar wind forcing on the magne-
tosphere of a gas giant; the planetary magnetosphere
exhibits several modified characteristics of the structure
and plasma transport, including enhanced magnetotail
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reconnection in the compressed cases identified by the
formation of thin current sheets in regions of reconnec-
tion. One obvious effect is the compression of the mag-
netosphere by the increase in overall ram pressure on the
planetary field. Table 1 shows the dynamic ram pressure,
and the simulated magnetopause standoff distance. This
compression of the magnetosphere has a strong effect on
the dynamics related to mass loss from the magnetic en-
vironment such as alteration of the radial structure of
the inner magnetosphere, which in turn leads to a dif-
ferent mass flow profile. Similarly, the compression of
this magnetic boundary ensures that at some point, the
boundary layer is dominated by the high densities of in-
jected plasma from the moon at 4 RP ; this changes the
potential optical depth of the bow shock. The details are
in the subsections that follow.
3.1. Interchange instability dampening and mass
transport
The picture for mass transport from a giant, rapidly
rotating magnetosphere down the magnetotail and out
into the stellar wind is not completely understood, but
it is known that processes such as the centrifugal inter-
change instability strongly contribute to such transport
for rapidly-rotating, magnetized planets (e.g. Kivelson &
Southwood 2005; Thomsen 2013). The centrifugal inter-
change instability can be likened to the Raleigh-Taylor
instability, but with the centrifugal force from planet’s
rapid rotation in lieu of gravity. Cold, dense heavy-ion
plasma from the near-planet magnetosphere (herein, the
Enceladus analog’s orbit at ∼4 RP ) exchanges with the
hot, diffuse plasma radially adjacent, and carries with it
magnetic flux; these dense plumes possibly undergo small
magnetic reconnection events and are lost from the inner
magnetosphere. However, for the magnetosphere to be
unstable to flux interchange, two facts must hold: the
gradient of equatorial plasma flux tube content must be
negative with increasing radial distance, and the thermal
energy of the magnetospheric plasma must be less than
that of the corotational energy (Hill 1976).
The marginal interchange stability criterion with re-
spect to the flux tube content (FTC) is given by Hill
(1976) as:
∂
∂req
(
ρeqreqg
Beq
)
= 0 (10)
where ρeq, req, and Beq are the equatorial mass density,
radial distance and magnetic field magnitude, respec-
tively. For a rotationally-aligned, planetary magnetic
dipole, as for the present system, the field geometric fac-
tor, g, can be approximated as g(L) ≈ 4L1/2 − 3, where
L is the equatorial radial distance in terms of planetary
radii. For a configuration where the quantity in Eq. 10 is
negative, the system will be unstable to interchange, i.e.
if total flux tube content is decreasing with increasing
radial distance from the planet.
Total flux tube content in the multifluid model was cal-
culated by tracing closed magnetic field lines as a func-
tion of L-shell, over a colatitude range corresponding to
the north and south magnetic foot points for each L-shell
value, from the plasma torus at 4 RP to the identified
magnetopause for each case. The contributing number
of the dominant species, 18 q/m ions, for each point was
added to obtain NionL
2, which is given by (e.g. Sittler et
al. 2008):
NionL
2 = R3PL
4
∫ θS
θN
nion(L, θ)sin
7θ dθ (11)
where θN and θS are the magnetic foot points in the
north and south hemispheres per L-shell, respectively.
This representation is missing a factor of 4pi when com-
pared to the normalized form, as the present summa-
tion was manually performed at all magnetospheric lon-
gitudes and latitudes.
The thermal energy density of the magnetospheric
plasma is given by the plasma pressure, P =
∑
s nskBTs,
where ns is the number density, kB is Boltzmann’s con-
stant, and Ts is the temperature summed over electrons
and all ion species, s. The corotational energy density
is given by the kinetic energy density for all ion species
(electrons are neglected), Ecor =
1
2
∑
s ρsv
2
s where vs is
the corotational velocity of ion species, s.
The panels in Fig. 1 show the temperature of the most
abundant ion species, the 18 amu ions, to illuminate the
outflowing cool, dense fingers and inflowing tenuous, hot
injections for the 10 and 5 AU cases. The 18 amu species
is injected by the satellite at 4RP at more than an order
of magnitude higher input than any other species, and
therefore will drive the inner magnetospheric dynamics -
including the interchange processes. The temperature is
shown from above the northern pole of the planet, for the
plasma located in the equatorial plane as the centrifugal
force is highest at low latitudes. It is readily apparent
that the top two panels (left, 10 AU, and right, 5 AU) dis-
play the formation of the interchange fingers as have been
measured in rapidly rotating magnetospheres, such as
Saturn’s (e.g. Burch et al. 2005; Mauk et al. 2005; Andre´
et al. 2005; Persoon et al. 2005). The middle two panels
(1 AU on left, and 0.2 AU on right) show a distinct lack of
the interchange process, but like all cases of convection-
dominated magnetospheres, they exhibit the well-known
Vasyliunas cycle of magnetospheric plasma flow (Vasyli-
unas 1983). Interestingly, the 0.2 AU dense case (bottom
panel of Fig. 1) shows potential interchange-like fingers
forming, as opposed to the base case in the middle right
panel. To understand these behaviors, we must investi-
gate the conditions for stability, outlined above. Overall
for the 0.2 AU cases, plasma generated in the satellite
torus is likely to rapidly flow out to the magnetopause,
and then be forced to flow down the tail, contributing
directly to an increased density near the boundary of the
magnetopause (see Sec. 3.4). That mass is carried around
the magnetosphere and out into the stellar wind, lost
from any contribution to the inner magnetospheric pro-
cesses. Likewise, for the 0.2 AU slow case, the orbit of the
satellite at 4 RP takes the ion producing exomoon across
the magnetopause, directly into the magnetosheath and
shocked stellar wind.
The quantities from Eq. 11 and the ratio of total ther-
mal to corotational energy densities are calculated for
the simulation results in Fig. 2. Note that these quan-
tities are time-averaged for 6 planetary rotations (∼64
hours). The abscissa for this figure is given as RfMP ,
which represents the fraction of the distance from the
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Figure 1. A view from above the planetary northern pole, showing the 18 amu ion temperature (eV) in the equatorial plane. The static
temperature for the stellar wind for each case, given in Table 1, has been removed for improved visualization.
plasma torus to the magnetopause identified in Table 1,
chosen to give comparable similar scaling for each case.
The top panel in Fig. 2 shows the total FTC for the 18
amu C−1 ions in each baseline planetary configuration,
and the 0.2 AU dense case. When comparing the 10
AU case in Fig. 2 to the Cassini data baseline in Sit-
tler et al. (2008), it is noted that the present simulation
overestimates the total FTC in the center of the torus
and at ∼10 RP by approximately a factor of 2, but the
peak FTC radial location (∼6.5 RP ) and peak FTC value
(1.55×1034 ions) agree well with the CAPS data. Two
issues explain the differences: 1) the present simulation is
injecting what is thought to be the upper end of the esti-
mation for Enceladus’ plasma input (∼360 kg s−1) from
the satellite at 4 RP , and 2) the simulation is run with
isotropic pressure/temperature, while at Saturn there is
a strong perpendicular anisotropy leading to confinement
of heavy ions to the equatorial plane. Therefore there is
an overestimate of ion content located on field lines at
middle and high latitudes, inflating the total FTC.
The instability criterion, Eq. 11, is met in all cases,
though for the 10 and 5 AU cases, the condition is met
in the middle magnetosphere, as opposed to the near
plasma torus location for the 1 AU and 0.2 AU cases.
This is consistent with Cassini observations at Saturn of
a broad peak in flux tube content in the 6-8 RP range
(e.g. Sittler et al. 2008; Chen et al. 2010). In the 10 and
5 AU cases, we do see interchange occurring at approxi-
mately the magnetospheric radii measured by the Cassini
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Figure 2. Top: Flux-tube content (FTC) of W+ ions for each
case, in total ions for a givenL-shell (note the 0.2 AU dense case is
scaled down by 3 orders of magnitude for comparison). Bottom:
The ratio of thermal energy density to corotational energy density.
The abscissa for each plot is RfMP , which is simply the fraction
of the distance between the injected plasma torus at 4 RP , and
the identified magnetopause as measured in Table 1. Both top
and bottom plots are averaged over 6 Saturnian rotations, and the
lower plot only is an azimuthally-averaged radial profile.
mission (top panels of Fig. 1). For the cases at 1 AU and
0.2 AU, it is apparent that the interchange-unstable con-
dition for a negative gradient in the flux tube content
is met throughout nearly the entire magnetosphere from
torus to magnetopause. However, the bottom panel of
Fig. 2 shows the ratio of thermal energy to kinetic coro-
tational energy. For a magnetospheric region to be unsta-
ble to interchange, this quantity must be less than unity.
For the 10 AU, 5 AU and 0.2 AU dense cases, this second
condition leaves a broad range of radial regions unstable
to interchange. The cases at 1 AU and 0.2 AU baseline
both show dominance by the total thermal energy, ruling
out the development of the interchange fingers, as seen in
Fig. 1. These results imply that mass loss and flux trans-
port in the 1 and 0.2 AU cases have been forced into a
configuration akin to the terrestrial magnetosphere, i.e.,
driven more by the stellar wind than by corotation.
It is likely that a Saturn-like planet with a semi-major
axis between 5 and 1 AU will be unstable to interchange,
but at some orbital distance that mechanism might be-
come completely damped out. If not, before reaching 1
AU, one would expect for the magnetosphere to become
stable to interchange due to the compression of the mag-
netopause which both increases the thermal energy of
the plasma, while simultaneously decreasing the corota-
tional energy by restricting the spatial regions of coro-
tation. This is what happens in the present simulations
at 1 and all 0.2 AU cases - the magnetosphere becomes
much more controlled by the characteristics of the stellar
wind as opposed to the corotational driving exhibited at
larger orbital radii.
If the interchange instability is damped out, this sug-
gests that magnetospheric mass loss rates would be more
uniform and less bursty in nature. The lack of inter-
change could also drive expectations for potential exo-
planetary auroral observation across the electromagnetic
spectrum, due to the coupling of the magnetosphere to
the ionosphere of the planet (e.g. Sittler et al. 2006;
Nichols 2011, 2012). More discussion follows in Sec. 3.3
below.
However, the cases studied here are artificial, as the
goal was to isolate the effects of the external forcing by
the stellar wind pressure - the increased rates for pho-
toionization and photolysis were not considered except
for the 0.2 AU dense case. The corresponding stability
criteria shown in the lower panel of Fig. 2 suggest that
the 0.2 AU dense case is dominated by the huge influx
of photo-produced cold ions picked up in the satellite
plasma torus. Despite the fact that the ratio of ther-
mal to corotational energies are both linear with respect
to the increased density, the corotational velocities are
static with respect to radius for the 0.2 AU simulations
while the azimuthally averaged temperatures are much
lower for the 0.2 AU dense case due to the domination of
the thermal landscape by the very dense, cold injected
plasma.
The following question is raised: is there a location
between 1 and 5 AU where the increase in photon flux
leading to increased ionospheric and plasma torus densi-
ties override the effects of the compression of the magne-
tosphere and produce a system unstable to interchange?
At 0.2 AU, the increase in photolysis and photoioniza-
tion grant an overall plasma density increase by a factor
of ∼530 when compared to Saturn at 10 AU; it is not a
strict 1/R2 relationship due to the fact that photoioniza-
tion and photolysis are only one aspect of the ionization
process, as discussed in Secs. 2.4 and 2.5. Given that, one
expects at 1 AU to find an increase in total ionization of
a factor of ∼21 over that at 10 AU. Whether such an in-
crease is sufficient to dominate the magnetosphere of the
planet at 1 AU to the extent that is seen in the 0.2 AU
dense case, and at what point would such a model sug-
gest a complete dampening of the interchange are open
questions.
3.2. Magnetospheric mass loss and mass flux
The process of how a body loses atmospheric atomic
and molecular species, and their inherent contribution to
the chemical evolution of an atmosphere, remains a ques-
tion in planetary science. The question of depletion is one
that is central the habitability of a planet or moon, and is
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Figure 3. Plasma ion flux outflow at the outermost tailward
boundary for 18 amu ions as a function of time.
governed by several thermal and non-thermal processes
(e.g. Yelle et al. 2008). Escaping species are ionized
and controlled by the magnetic environment around the
planet, and therefore the rates at which magnetospheric
plasma is lost is related to the overall atmospheric mass
loss rate for a planet. The multifluid model employed
in the present work sets the density at the ionospheric
boundary to be constant, replenishing any loss due to
convection or pressure gradients, as such the outflow of
atmospheric material is included, but not in a rigorous
fashion. The primary source in the present model is that
produced in the satellite torus. At equilibrium, the torus
at 4 RP is injecting ∼360 kg/s total of 1, 18 and 32 amu
C−1 ions - ∼350 kg/s of which is the 18 amu C−1 species.
Fig. 3 is the outflow rate in ions s−1 for the 18 amu
ion species at the outermost boundaries of the simula-
tion, outlined in Sec. 2.2 for 10, 5, 1, and 0.2 AU cases.
The special cases of 0.2 AU dense and 0.2 AU slow are
not included in the figure as they both reach equilib-
rium outflow equal to their torus and ionospheric input
very early in the process, similar to the 0.2 AU baseline
case. It is worth noting that all baseline cases reach the
same equilibrium outflow mass loss rate of ∼1.2×1028
ions s−1. The presence or absence of the centrifugal in-
terchange instability does not affect the absolute mass
loss rate over sufficiently long timescales, but instead ex-
tends the relative time scale for the magnetosphere to
reach equilibrium outflow during recovery after transient
events. Over long timescales, all plasma injected is lost
to either the inner boundary of the planet, or down the
magnetotail into the flowing stellar wind.
In the simulated magnetospheres which are unstable
to interchange (10 AU and 5 AU), there is a significant
relative lag time before the outflow rate of 18 amu ions
matches that of the injected rate of ∼1.2×1028 ions s−1.
After the initial simulation equilibrated from the passage
of the stellar wind at approximately 25 hours, the 5 AU
case shows a lower rate of change for the ion outflow com-
pared to the 10 AU case; the former takes approximately
140 hours to reach the equilibrated outflow rate, whereas
the latter does so in approximately 100 hours, despite a
factor of ∼2.5 lower starting outflow rate. Therefore, not
only does the presence of interchange affect time scale to
reach outflow equilibrium, but the results suggest that
the strength of interchange may affect the features of
the mass loss rate as the magnetosphere ’refills’ and ap-
proaches equilibrium.
This agrees with the conditions shown in Fig. 2, which
indicates that while both the 5 AU and 10 AU cases
are unstable to interchange, the window of instability for
the 5 AU case is narrower than that of 10 AU, as seen
by the distance between the peak and identified magne-
topause for the 18 amu species flux-tube content (FTC)
in the upper panel. However, the gradient for the 5 AU
case is larger, overall. The 10 AU case shows a win-
dow at distances greater than ∼0.18 RfMP . Both cases
are considered unstable to interchange throughout the
magnetosphere, by the thermal to corotational energy
ratios. This narrower window for the 5 AU case suggests
a magnetosphere less unstable to interchange despite the
steeper gradient, and therefore a less significant rate of
increase in the rate of ion outflow occurs as seen in Fig. 3;
the simulation suggests the 5 AU magnetosphere requires
a longer time to reach the equilibrium outflow rate than
the 10 AU magnetosphere. The cases for 1 AU and 0.2
AU are both stable against the interchange process, and
reach the equilibrium outflow rate rapidly after initial
passage of the stellar wind.
The outflow rates in Fig. 3 suggest that stronger ex-
ternal forcing will drive a higher outflow rate after initial
passage of the stellar wind. That could be likened to the
passage of a coronal mass ejection (CME) or corotat-
ing interaction region (CIR) in an otherwise quiescent
period; this suggests that planets with magnetospheric
configuration that have sufficient radial extent to be un-
stable to interchange will respond initially with lower
outflow. The rate of increase for the outflowing mass
flux is related to the strength of the interchange instabil-
ity for that magnetospheric configuration. For planetary
orbital distances with increasing stellar wind dynamic
ram pressure, the rate of mass loss acceleration will vary
according to the overall size of the magnetosphere, i.e.
the pressure balance between the stellar wind and the
corotating, plasma-laden planetary magnetic field.
For decreasing semi-major axes, the increase in stellar
wind dynamic ram pressure eventually compresses the
magnetosphere to the point where it is no longer unsta-
ble to interchange, bringing the system from one with
mass loss dominated by internal processes to one driven
by external processes. This compression forces plasma
species out of the system in a more rapid fashion as the
corotating region of the magnetosphere is more tightly
bounded by the flow of the stellar wind and corotating
plasma is lost due to the viscous interaction. The mag-
netospheres that are dominated by internal processes are
more robust against rapidly changing stellar wind con-
ditions, which would contribute to a more stable rate of
overall mass loss from the system.
3.3. Field Aligned Currents and Auroral Radio
Emissions
The multifluid model does not simulate kinetic pro-
cesses (e.g., electron cyclotron instabilities) inherent in
generating auroral radio emissions (ARE), but it does
capture large-scale current systems and has validated
10 Tilley et al.
(d) 1 AU
 0
 0.5
 1
 1.5
 2
lo
g1
0(F
AC
) (
nA
/m
2 )
(d) 0.2 AU
(b) 5 AU(a) 10 AU
0o
60o120o
180o
240o 300o
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heritage accurately simulating planetary auroral activ-
ity (e.g. Harnett et al. 2010). In general, the power of
planetary radio emission for planets with global magnetic
fields has been suggested to respond directly to increased
forcing from the stellar wind for rapidly rotating, giant
planets like Saturn (e.g. Desch 1982; Desch & Rucker
1983). Kimura, T. et al. (2013) found that the peak
flux density of Saturn’s ARE exhibited a positive corre-
lation with the dynamic pressure of the solar wind on
the timescale of the solar cycle. The behavior of increas-
ing power output of planetary radio emissions seems to
directly correlate to the incident kinetic and magnetic
pressures on the magnetosphere for all magnetized plan-
ets in the solar system with observed non-thermal, mag-
netospheric radio emissions (e.g. Desch & Kaiser 1984).
It is reasonable to expect other magnetized bodies in all
planetary systems with significant stellar wind to follow
a similar behavior (Zarka 2007).
While transient solar wind events (e.g. reconnection
at the magnetopause and resulting magnetotail dynam-
ics) can drive increased behavior in radio emission, we
focus on forcing of the magnetosphere by increasing the
steady-state dynamic pressure of the stellar wind. The
multifluid model predicts a clear increase in FAC magni-
tude with increased stellar wind dynamic ram pressure,
which is in accordance with the increased radio flux den-
sity observed during the solar cycle at Saturn (Kimura,
T. et al. 2013). However, this is counter to what one
expects through a scaling study of corotation enforce-
ment for giant magnetospheres (e.g. Nichols 2011, 2012).
In general, one expects less torque required to maintain
the angular momentum of corotation for a smaller (more
highly compressed) magnetosphere, and therefore a lower
magnitude current system is expected.
In the present study, we explicitly hold the IMF BZ
component to be negative (parallel to the equatorial
planetary dipole field), and therefore Dungey-type, equa-
torial magnetotail reconnection is not observed in the
simulations. However, plasma is lost from the inner mag-
netosphere down the tail for all simulated cases, with
strong interchange outflow expressed for the 10 and 5
AU cases, and a continuous loss of plasma ’bubbles’ for
all cases (Kivelson & Southwood 2005), that leaves de-
pleted flux tubes flowing planetward as they return on
the dayside from down-tail. It can be seen in Fig. 1 for
the 1 AU and 0.2 AU cases that plasma on the dayside is
heated significantly through the return flow process, and
becomes supercorotational.
We propose that the cases simulated in the present
work at 1 AU and 0.2 AU have been compressed across
a threshold from being a corotationally driven magneto-
sphere - like that at Jupiter and Saturn - to one domi-
nated by the increased forcing from the stellar wind. This
increased forcing has led to higher tension in the mag-
netotail, and therefore a stronger response in return flow
from down the magnetotail, which flows back towards
the planet in a constant state of supercorotation. This
supercorotating return flow (which is consistent with the
Vasyliunas cycle return flow) was predicted and observed
at Saturn, and has been proposed to strongly influence
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planetary auroral emission (e.g. Talboys et al. 2009; Mas-
ters et al. 2011).
Fig. 4 shows a polar projection of the simulated
upward-flowing, time-averaged field aligned currents
above the northern hemisphere of the planet at an al-
titude of ∼2.2 RP for each of the four base cases. Note
that the location and magnitude of the baseline case at
10 AU is in good agreement with measurements made
by Cassini when projected along planetary dipole mag-
netic field lines to the visible auroral region of Saturn
@ ∼1.02RP (e.g. Talboys et al. 2011). The peak field-
aligned current (FAC) at 10 AU is ∼7.2 nA m−2, with
a total magnitude of ∼0.82 MA rad−1 at a colatitude
of ∼19.1o at 2.2 RP . Predicted peak currents for the
warmer orbits are 1.54, 3.82, and 9.90 MA rad−1 for
the 5, 1, and 0.2 AU cases, respectively. The 0.2 AU
dense case was similar to the 0.2 AU baseline in terms
of latitude, though exhibited lower magnitude. The 0.2
AU slow case did not exhibit any discernible field-aligned
currents in the model - as the weakened magnetic field
was compressed completely to the inner boundary of the
simulation, and injected plasma from the satellite was
lost directly to the stellar wind for more than half of the
torus volume.
Following Zarka (2007), we can calculate the antici-
pated median radio power output based solely on the
incident kinetic power on the Saturn-like planet at 0.2
AU - ∼7.2×1010W - a value that is nearly twice that
of Jupiter’s decametric median radio power. That being
said, the incident IMF Parker spiral geometry at 0.2 AU
for a Sun-like star as in the present work is expected to
produce a lower incident Poynting flux onto an already
compressed magnetosphere. Zarka (2007) gives the dis-
sipated power as:
Pd = K
(
V B2⊥/µ0
)
piR2MP , (12)
where  is a reconnection efficiency of 0.1-0.2, K is a
function that is related to the reconnection in response
to the magnetospheric state - open or closed, V is the
incident stellar wind speed, B⊥ is the measure of the
IMF perpendicular to the direction of stellar wind flow,
µ0 is the vacuum permeability, and RMP is the mag-
netopause standoff distance. For a Saturn-like dipole
configuration, K is given by cos4 (θ/2), where θ is the
angle between the IMF embedded field and the plane-
tary dipole. If we calculate the value of Eq. 12 for our
Saturn-like planet at 0.2 AU (with the IMF values from
Table 1), and compare with the value for Jupiter’s deca-
metric median radio power reported in Zarka (2007), we
obtain a ratio of ∼5.5×10−3 which gives us a predicted
power of ∼1.1∼108W. This value is more in line with
Saturn’s kilometric radiation (SKR) output. It is still
not clear which of the two incident powers - kinetic or
magnetic - is the primary driver of emitted radio power
for magnetized planets, though relative efficiencies have
been suggested.
Another feature in Fig. 4 is the latitudinal position
of the field-aligned currents for each case. Field-aligned
currents are part of a complete circuit, with currents run-
ning in a loop from the ionosphere of the planet, along a
field line down to the equatorial plasma sheet, radially to
or from the planet along the plasma sheet, and then back
along a field line to close in the ionosphere. It is these ra-
dial, equatorial currents which enforce corotation of the
magnetosphere, due to the J×B force, as seen in Eq.8.
The location of these field aligned currents falls within
areas of subcorotation in the magnetospheres, but this
is unlikely to be the cause for the magnitude increase
observed in the simulation output. An extensive scaling
study was performed in Nichols (2011, 2012) regarding
this current system for Jovian planets, and its results
suggest that for a purely corotational magnetosphere,
compression leads to lowered corotation-enforcing field
aligned current systems. In Fig. 4, the opposite is seen
- with higher compression leading to an increased FAC
magnitude. This suggests that the current system seen
in the present simulations is not solely produced as a part
of the corotational system.
With increasing stellar wind ram pressure, the mag-
netopause is compressed which disallows the corotation
of inner magnetospheric plasma at distances beyond this
boundary, but leads to a high shear flow at this boundary
between open and closed field lines. For the 10 AU case,
the peak of the FAC occurs at ∼70.9o latitude at 2.2 RP ,
which corresponds to an equatorial distance of ∼20.5 RP
which is in the middle to outer dayside magnetosphere,
indicating a likely corotational source. In Fig. 4, the
FAC peak for the latitude for the 1 and 0.2 AU cases is
located at ∼65.8o and ∼55.9o, respectively, which corre-
spond to the corotational regions at ∼13.1 and ∼7.0 RP -
approximately coincident with the dayside flank magne-
topause location in each case. There is increased upward
current at lower latitudes approaching midnight, and the
high-latitude inner boundary of the upward FAC plotted
for the two cases at 1 and 0.2 AU agrees well with the
separatrix between the open and closed field lines. Tak-
ing this last point into account, along with the star-ward
supercorotation seen in the Vasyliunas cycle return flow,
and the increased stellar wind ram pressure at these or-
bital distances, the increase in the upward flowing FAC is
likely generated by the shear flow near the magnetopause
boundary.
It should also be noted that latitudinal extent of the
current distributions plotted in Fig. 4 correspond to a
limitation of the simulation - namely that the simula-
tion was run with lower resolution (∼0.2 RP ) in the in-
ner magnetosphere and at the magnetopause boundaries.
This limitation washes out the finer structure that one
expects for these systems.
The predicted latitudes of the field aligned current sys-
tems in Fig. 4 allow for an abstract spatial understanding
of how such planetary configurations would project their
radio signals into space. Fig. 5 shows a heat map for
the emitted planetary radio signal onto a celestial sphere
around the planet for the 10 AU and 0.2 AU cases (see
Appendix A). The axes defining latitude and longitude
for the planets are aligned with the magnetic moment,
and for the Saturn-like planet, the rotational axis as the
field is axisymmetric. The emissions were generated be-
tween 04:00 and 16:00 planetary local time (PLT), corre-
sponding to Cassini observations of Saturnian Kilomet-
ric Radiation (SKR) emission at Saturn (Cecconi et al.
2009), and were latitudinally symmetric in the northern
and southern hemispheres. The top row corresponds to
the planetary configuration at 10 AU, and the bottom at
0.2 AU. The left column corresponds to a relatively wider
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Figure 5. Heat map generated by radio emission projected onto a celestial sphere centered on the planet. Left column: emissions with
a wide beaming angle (90o/60o for the northern/southern hemispheres) for the planetary configurations at (a) 10 AU, and (c) 0.2 AU.
Right column: narrower beaming angle emissions (65o/45o for the northern/southern hemispheres) for the planetary configurations at
(b) 10 AU, and (d)0.2 AU.
beaming angle for the emitted radio power for each of the
northern and southern hemispheres (see Appendix A),
and the right column corresponds to a relatively narrow
beaming angle. The two selected beaming angles corre-
spond to 400 kHz and 200 kHz (left and right columns,
respectively in Fig. 5) and as measured by Cecconi et al.
(2009) as an illustrative example of the projected geomet-
ric differences. Note that the hemispherical asymmetry
in Fig. 5 is due to the different beaming angles mea-
sured in Cecconi et al. (2009), rather than emission lo-
cation. Symmetric emission altitudes and latitudes were
assumed.
For the wide angle emissions in the left column, it is
noteworthy that the projected radio emission is quite dis-
similar for the 10 AU and 0.2 AU cases, the difference
being due to the latitudinal variation between the FACs
generating the radio emissions. If the combination of ro-
tational (in this case of an axisymmetric magnetic dipole)
and orbital inclination of the planet was aligned so that
line of sight to our point of observation (e.g. Earth) lay
in the region of high emitted power overlap - ’edge on’
for the 10 AU case and ’face on’ or poleward for the 0.2
AU case - radio signals with power on par with Jupiter
decametric radiation (or higher) could be detected. The
signals for the 10 AU cases - both wide and narrow beam-
ing angles - are similar to a lighthouse beam, and would
be expected with periodicity matching that of the or-
bital period for the planet. However, for the 0.2 AU
wide beaming angle case (lower left panel of Fig. 5), the
situation is more interesting. Note that for a Saturn-
like planet with an oppositely oriented magnetic dipole,
the locations of upward- and downward-flowing current
systems would be reversed, ultimately changing the pro-
jection onto the celestial sphere.
One can run a simple calculation to estimate the power
reaching Earth for such a distant source. We assume
isotropic emission, a 400 kHz frequency, and use the ide-
alized power calculations from above for a Saturn-like
planet in a 0.2 AU orbit, at a distance of 10 parsecs
from Earth. The signals reaching us would be ∼0.19
mJy and 0.29 µJy for the best-case, kinetically-controlled
7.2×1010W emission and worse-case, magnetically driven
1.1×108W emission, respectively. The former is at the
threshold of current radio instrumentation, and the lat-
ter is beyond the technological horizon. This calculation
explicitly ignores sources of noise and dispersive effects
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Figure 6. Optical depth, τ , for stellar emitted Mg-II predicted for (a) and (b) the 0.2 AU baseline, (c) and (d) the 0.2 AU dense case,
and (e) and (f) the 0.2 AU slow case. The left column corresponds to the ahead-shock case (likely for hotter orbits), and the right column
corresponds to the sub-solar shock case (likely for warm orbits). Contours correspond to the hash marks on the colorbar - τ = 0.0005,
0.001, 0.0015, 0.002, and 0.0025.
due to interstellar material.
For such a close semi-major axis, it is unlikely that di-
rect observation (optical, IR, UV) could occur for said
planet. Transit and radial velocity methods are strong
at that distance, given a very narrow window of orbital
inclinations - if there exists even a moderate amount of
orbital inclination relative to our line of sight, then these
methods will not be reliable. However, if the combination
of orbital and rotational inclinations was such that our
line of sight was anywhere in the southern hemisphere of
the planet, it is likely that some of the planetary emit-
ted radio power could be detectable with near constant
visibility and emission (modulated by stellar activity and
magnetospheric response). Based solely upon availability
of emitted radio geometry in the example of Fig. 5, the
potential number of planets observable relative to those
constrained by orbital configurations amenable to tran-
sit or radial velocity measurement could dramatically in-
crease with the use of radio observation. Granted, radio
observation has its own set of difficulties to overcome
(e.g. need for a large interferometric baseline, Earth’s
ionosphere).
The simulated data in Fig. 5 is highly simplified, as we
don’t simulate the kinetic processes involved in the radio
emissions. Our model does not have the ability to predict
absolute spectral flux density or more exact radio auro-
ral locations and geometry. The figure merely suggests
that the stellar wind dynamic ram pressure and mag-
netospheric dynamics can directly control not only the
field aligned current systems related to power output by
ARE, but likewise the celestial coverage of such emissions
will be altered for stronger forcing. In the continuum of
planetary configurations, some similarity is maintained,
while differences arise from the increased dynamic ram
pressure; this simple analysis offers an initial view at pre-
dicting and characterizing the future observations of ra-
dio emissions by giant exoplanets once basic facts about
the magnetic properties are observed.
3.4. Implications for UV transit modification
There is potential for the increased plasma densities
in both the satellite-generated plasma tori and the bow
shock of a warm or hot planets to affect transit light curve
observations. Ben-Jaffel & Ballester (2014) showed that
the inclusion of satellite-generated plasma tori could con-
tribute to the signatures of early ingress for transit obser-
vations for both HD 189733 b and WASP-12b. Observa-
tions have also been made with the Hubble Space Tele-
scope (HST) that suggest increased bow shock density
for these planets has potentially modified transit signals,
but other effects - such as absorption by a dense Roche
lobe or systematic uncertainties - have not been ruled
out (e.g. Llama et al. 2011, 2013; Nichols et al. 2015;
Alexander et al. 2016).
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Unlike the work above on WASP-12b and HD 189733
b, we have assumed our warm-Saturn is orbiting a Sun-
like star, though at a cooler orbit of 0.2 AU. This situ-
ation is similar to the exoplanet HD 33283 b (as well as
numerous unconfirmed Kepler objects of interest (KOI)),
orbiting its G3V host with a semi-major axis of 0.168 AU
(Johnson et al. 2006), though transit is not the method
of discovery for this planet. Given a similar stellar type,
we assume the composition of the host of our star is like
that of the Sun; in particular, the ratio of Mg to H,
nMg
nH
' 6.76× 10−5, (13)
is taken to be the same as the reported ratio in solar
abundance (Grevesse et al. 2007).
Using the above assumptions, we have calculated the
optical depth for the Mg II doublet at 279.55 and 280.27
nm in the magnetosphere of our hypothetical warm Sat-
urn, given by
τ = 4
∫
nMgii σMgii dS, (14)
where nMgii is the number density of Mg II ion relative
to the number density of protons in the simulation given
by Eq. 13, σMgii is the extinction cross-section of Mg ii,
taken σMgii = 6.5 × 10−14 cm2, as given in Llama et al.
(2011), with detailed background in Lai et al. (2010). It
should be noted that the opacities calculated using this
method for the magnetosheath region are reliant upon
the plasma temperature remaining at ∼104 K (∼0.86 eV)
which is highly unlikely in such systems. Temperatures
in the present work, for instance, reach up to ∼5 keV
(∼5.8×107 K)in the magnetosheath at 0.2 AU. However,
the plasma torus temperatures are a few orders of mag-
nitude lower, at ∼30 eV.
The optical depth absorption profiles for an ahead-
shock are shown in the left column of Fig. 6. The top
panel shows the base case for our warm exo-Saturn at 0.2
AU, in which the highest values of optical depth reach
∼0.0013, and is located in the interior of the magneto-
sphere and just outside in the magnetosheath, generated
by the pileup of the shocked stellar wind. The plasma
torus contributes weakly. The middle panel shows the 0.2
AU dense case, in which the increased ionization from
the stellar host is taken into account as the base case
holds all quantities as they are expected at 10 AU. In
this case, we see that the increased ionization rates in
the upper ionosphere of the planet, as well as the satel-
lite plasma torus contribute more strongly to the optical
depth enhancement than the simple pileup of density at
the bow shock of the magnetosphere - and the overall
optical depth reaches a value of ∼0.0027. The heavy
ions lost from the ionosphere (in this case assumed to be
Mg II) are contained in the inner magnetosphere, unable
to radially propagate as seen in Sec. 3.1; the enhanced
density from the satellite torus plasma in areas both inte-
rior to the magnetopause, and in the magnetosheath and
bow shock regions contributes directly to an increase in
optical depth in those regions. The orbit of the satellite
at 4 RP ensures the ion producing exomoon is contained
by the magnetopause (except in the 0.2 AU slow case),
but plasma collects in the boundary region and piles up
internally against the magnetopause, creating a strong
ion density that flows to high latitudes within the mag-
netosphere.
One could assume a plasma torus with a much higher
concentration of Mg II, given volcanic activity, for in-
stance. Singly ionized Mg - at a mass to charge ratio of
24 amu C−1 - would behave similarly to the 18 amu C−1
injected in the present study. If we assume volcanic in-
put of Mg instead of the water-group ions in our plasma
torus, the optical depths calculated in Fig. 6 with a pure
Mg II plasma torus would be quite optically thick (τ >
1) - particularly for systems like the 0.2 AU dense case,
where the torus densities reach a few times ∼103. How-
ever, the photon count at the desired wavelengths for
Mg II absorption from a Sun-like star is low, and the
presence of other species would be beneficial.
The potential effect on transit light curve observations
from both the plasma torus and the enhanced magne-
tosheath region is shown in such a configuration. Near
the inner boundary of our simulation, at 2 RP , the opti-
cal depth reaches values of more than double the highest
in the base case, at a level ∼0.0027. The shocked region
shows an enhancement of ∼40%, with optical depths up
to ∼0.0018. While these depths are not near the 1% or so
anomalies observed by HST for the hot Jovians (Nichols
et al. 2015), future missions will likely reach lower sensi-
tivity; taking into account a dense plasma torus as dis-
cussed above for the 0.2 AU dense case, and that a torus-
producing moon will have less restricted conditions on its
stability at 0.2 AU than 0.02 AU, the potential for tran-
sit modifications from giant magnetospheres in a warm
orbit should be considered.
This spreading of the satellite generated heavy ion
plasma from the torus region to cover such a large area in-
terior to the magnetopause could indicate a strong signa-
ture in the transit light curves, depending upon through
which portion of the magnetosphere the stellar flux is
observed. The strength of the transit signal modifica-
tion predicted here is detectable by current technology,
and future instrumentation. In this analysis, it is noted
that we calculated the optical depth for a doublet line
emission for only a single species, and assume an actual
observation would encompass many wavelengths across
stellar ion species to increase the photon count across
the stellar spectrum.
4. SUMMARY AND CONCLUSION
We have simulated the effects of stellar wind dy-
namic ram pressure on a Saturn-like exoplanet with an
Enceladus-like plasma torus using a 3D multifluid plasma
model. The simulation at 10 AU sets a baseline, with
inputs from Cassini data. All planetary parameters are
kept constant, varying only the stellar wind dynamic ram
pressure in each case, aside from the two special cases of
0.2 AU dense and 0.2 AU slow. The simulation output
suggests the following:
1. The planetary magnetosphere for a Saturn-like
planet with an Enceladus-like satellite plasma torus
becomes stable to centrifugal interchange at some
point moving starward from a semi-major axis of 5
AU to 1 AU, given constant ionospheric and satel-
lite torus density. The stability criteria shown in
Fig. 2 support this conclusion. For a Saturn-like
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system, the ratio of thermal energy to corotational
energy crosses the threshold of stability at unity
between 5 and 1 AU.
2. The present work suggests there is an direct rela-
tionship between magnetospheric compression and
time scale to reach equilibrium mass loss. Highly
compressed magnetospheres (e.g. 0.2 AU and 1 AU
in the present work) reach equilibrium mass loss
rate rapidly, and are stable to interchange. While
the equilibrium value for mass loss is equivalent
for each semi-major axis studied, less compressed
magnetospheres (e.g. 5 AU and 10 AU) start with
a lower outflow rate after quiescent stellar wind
passage, but fall within the window of instability
for centrifugal interchange. The multifluid simula-
tions suggest that while interchange does not affect
the overall mass loss rate of a planetary system,
stronger instability (like that at 10 AU, when com-
pared to 5 AU) can reduce the time scale to reach
mass outflow equilibrium.
3. For warmer orbits, the magnitude of auroral-
related field aligned-currents (FAC) are increased,
with a corresponding broadening of latitudinal
spread and equatorward locations. This has im-
plications for planetary auroral radio signatures.
4. From the perspective of characterizing potential ra-
dio observations of exoplanets, the coverage of ra-
dio emissions varies broadly with increasing stel-
lar wind dynamic ram pressure and beaming angle
(emission frequency). Emissions with wide beam-
ing angles are more impacted from the increase in
steady state stellar wind pressure, leading to a large
portion of the celestial sphere around the planet
having higher radio coverage.
5. UV transit observations could be impacted by the
bow shock and/or satellite generated plasma torus
for a planet at a warmer orbit of ∼0.2 AU. This
leads to potential planetary characterization for a
larger population of giant planets than just hot Jo-
vians.
In the present work, we simulated hypothetical mag-
netospheres for giant, rapidly-rotating planets in increas-
ingly warmer orbits. All orbits were outside the critical
Alfve´n radius for the Sun-like star, and so no direct star-
planet interaction (SPI) was simulated. Future work will
include more simulations in the transition region between
5 AU and 1 AU for the Saturn-like planet, a case at 0.2
AU which includes the effects of the dense and slow cases,
simultaneously. It would also be interesting to simulate a
terrestrial planet analog to compare with the Saturn-like
planet, effects of CME events, a more varied IMF config-
uration, and seasonal effects due to the rotational incli-
nation of the planet. The inclusion of a high-resolution
grid around a potentially habitable exomoon orbiting at
distances of various planetary radii is also a future goal.
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APPENDIX
RADIO PROJECTION CALCULATION
A zeroth order model was developed to estimate the
projection of auroral radio emissions on a celestial sphere
surrounding the Saturn-like planet as shown in Fig. 5.
The model was developed by using the field-aligned cur-
rent (FAC) latitudes given by the multifluid model as in
Fig. 4 and Cassini observations of Saturnian Kilometric
Radiation (SKR) as reported by Cecconi et al. (2009) -
including beaming angle and longitudinal measurements.
A common visualization of radio emission is seen in
Fig. 7. The red cone represents the typical geometry
of emission that has been measured by satellite instru-
mentation at Saturn. B labels a dipole magnetic field line
extending from the planet in the lower left. The beaming
angle, or aperture angle, of emission is labeled by β and
defined as the angle of emission relative to the magnetic
field at the point of origin - illustrated by the dashed red
lines. δ denotes the ’soft’ beaming angle, shown by the
shaded area, that corresponds to power scaling relative
to the particle trajectory, or ’on-cone’ emission, for par-
ticle generated electromagnetic emissions (e.g. Rybicki &
Lightman 2008).
The following assumptions were made in our model:
1. The surface of the projected sphere plotted in Fig. 5
was located at a distance  O(RP ).
2. Planetary shadowing (projected emission intersect-
ing with and blocked by the planet) was ignored.
3. Two values were chosen for β in both northern and
southern hemispheres according to the extreme val-
ues given by Cassini observations (Cecconi et al.
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2009). As shown in Fig. 5, the left column cor-
responds to β=90o(60o) in the northern(southern)
hemisphere, and the right column corresponds to
β=65o(45o) in the northern(southern) hemisphere.
4. Absolute emitted spectral flux densities (e.g. in
units of Jy) are ignored, as this is simply a visual-
ization of radio power projected around the planet
as a function of magnetospheric morphology and
dynamics. ’On-cone’ emission power (along the red
dashed lines in Fig. 7) was assigned a normalized
value of 1, scaling by sin2(θ) out to an angle of δ.
Angles larger than δ were not included.
5. δ was set to 45o which corresponds to a value of 1/2
maximum power emitted ’on-cone’, as power emit-
ted is given by P ∝ sin2(θ), where θ is the angle
between ’on-cone’ emission and point of observa-
tion.
6. Emissions were modeled as being generated be-
tween the latitude endpoints given in Fig. 4 for the
10 AU and 0.2 AU cases, and between longitudes
correlated with Saturn Local Times (SLT) 04:00
and 16:00 (Cecconi et al. 2009) - essentially a 180o
coverage in longitude.
Emission cones were modeled on a planetary long-lat
grid corresponding to the longitude and latitude bound-
aries given above, with a spacing of 1o for latitude, and
1.5o for longitude. The celestial sphere consisted of a
grid in celestial long-lat pairs, with spacing of ∼15.7o for
celestial latitude, and ∼31.4o for celestial longitude. For
each point in the celestial long-lat projection, the contri-
bution of all emission cones from each planetary long-lat
pair were summed and averaged over the total number
of cones modeled. This process resulted in each point
on the celestial long-lat map representing the projected
radio emission relative to the maximum potential of 1.0
- if all emission cones were oriented identically, giving a
type of ’heat map’ for planetary radio emission.
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